Introduction
Nanoparticles (NPs) have been replacing bulk materials for application in diverse areas. With increasing exposure of humans to NPs, much research attention has been drawn to the interactions between NPs and biomolecules, 1-3 which could affect the behaviors of NPs in biosystems. Protein adsorption has been found to be strongly influenced by the surface properties of NPs. [4] [5] [6] [7] [8] [9] Some adsorption behaviors are governed by the overall surface charge and hydrophobicity, similar to those observed on a flat surface made by bulk materials. 10 However, the comparable dimensions of NPs and proteins suggest that protein-NP interactions could mimic proteinprotein interactions, and the NP surface ligands may target particular domains on proteins via particular functional groups. [11] [12] [13] This feature suggests that protein adsorption could be very sensitive to changes in the surface property of NPs.
One possible change in the NP surface property is alteration of ligand structure during particle preparation, which could be induced by slight variations in synthesis conditions or use of alternative methods. For example, high-quality nanocrystals, including the II-VI binary semiconductors and metal oxides, that possess unique optical, electrical, and magnetic properties, are typically prepared by pyrolysis reactions or solvothermal processes. These approaches all involve conditions such as high temperature, high pressure, and/or elongated reaction duration to achieve tight size control and/or high crystallinity. [14] [15] [16] [17] [18] Nevertheless, these harsh synthetic conditions may lead to structural changes in the capping agents that are used to stabilize the nanocrystals. Additionally, ligand exchange and surface modification are common in preparing water-soluble NPs for biomedical research and applications. Varied ligand exchange efficiency may lead to different surface coverage with the hydrophilic ligands on NPs; and chemical modification often requires multiple treatments that may lead to unexpected structural alteration to the surface ligands as well. 19 In many cases changes in ligand density and its structure could be subtle enough to not affect ligand binding to the NP surface and dispersion of NPs in solution. However, they could lead to variation in the surface properties of these ligand-capped nanocrystals, and ultimately affect the performance of NPs as biosensors, drug carriers, and in other targeted applications. Thus, such changes should be detected before the deployment of NPs. Though, detailed study of the surface properties of NPs could be challenging because most of the NP core could strongly interfere with many spectroscopic measurements, such as FT-IR spectroscopy, NMR, and MS. [20] [21] [22] [23] Commonly, the ligands are removed from the NP surface by exchange reaction or chemical cleavage 24, 25 and are studied without the presence of NPs. In addition, the NP core could be digested by strong
In the present study, we investigated whether protein adsorption could reveal small changes in the surface ligand of NPs. Highly stable iron oxide NPs were coated with polyacrylic acid (PAA). Up to 20-fold difference in the dissociation constant of the protein-NP complex was detected on the NPs synthesized under different heating durations. Investigation of the PAA structures by NMR and MS confirmed that the heating duration could affect the head-group of PAA. Computational work also verified that the subtle difference in the head-group structure was sufficient to alter the binding energy to a target protein.
Our results support that protein adsorption could be a quick and simple way to evaluate particle surfaces and assess small variation in surface ligands, before detailed characterizations were performed by more sophisticated techniques. Such assessments are highly important for particles intended for biomedical applications or with biosafety concerns.
Experimental

Synthesis of PAA-Fe 3 O 4 NPs
The highly water-soluble superparamagnetic iron oxide (Fe 3 O 4 ) NPs coated with PAA (average Mw 1.8 kDa) were used in our study. The reagents for synthesis were from Sigma-Aldrich Corporation. A NaOH/diethylene glycol (DEG) stock solution was prepared by dissolving 50 mmol of NaOH in 20 mL of DEG. The synthesis approach used in this study followed the procedure previously reported by the Yin group. 15 In brief, a mixture of PAA (4 mmol), FeCl 3 (2 mmol), and DEG (15 mL) was heated up to 220 °C under nitrogen atmosphere with stirring. Upon a rapid injection of the NaOH/DEG stock solution (4.5 mL), the mixture was further heated for 10 min or 12 hr at 220 °C to yield the magnetite nanoparticles. The excess PAA or its possible by products and other reagents were removed by centrifugation-assisted washing several times using a mixture of deionized water and ethanol. Finally, the Fe 3 O 4 NPs were suspended in 10 mL of water to form the stock solutions.
Capillary Electrophoresis
Capillary electrophoresis (CE) separation for K D measurement was reported in our previous work. 26 Briefly, a 50 cm fusedsilica capillary (75 µm id, 365 µm od; PolymicroTechnologies, AZ, USA) with an effective length of 40 cm was sequentially rinsed at 30 psi with 0.1 M NaOH (2 min), deionized water (1 min), and the separation buffer (6 min) prior to injection. All CE separations were done at 25 kV at room temperature. Capillary zone electrophoresis (CZE) was performed using 10 mM borate buffer at pH 8.3 as the separation buffer, in which the samples were pre-incubated in 17.5 mM phosphate buffer (pH 7.5). In affinity capillary electrophoresis (ACE) experiments, no pre-incubation of protein and NPs was needed, and the separation buffer was 17.5 mM sodium phosphate (pH 7.5).
Characterization of NPs
A Philips Tecnai 12 transmission electron microscope (TEM) was used to investigate the morphology of NPs. Inductively coupled plasma atomic emission spectroscopy (ICP-AES) tests were performed on a Perkin-Elmer Optima 2000 DV optical emission spectrometer to measure the concentration of Fe element in NPs. With the average diameter of the spherical iron oxide NPs measured under TEM and the element content obtained from ICP-AES, molar concentration of the NPs stock solutions was obtained. Dynamic light scattering (DLS) was performed on a Beckman Coulter Delsa Nano C particle analyser at 25 ℃ . Zeta potential was calculated from the mobility of NPs in CZE. 27 
Characterization of PAA structures
The structure of PAA was analyzed using mass spectroscopy (MS) and NMR spectroscopy. The poly(acrylic acid) (PAA) underwent the same hydrolysis procedure as that in synthesis of NPs but without the addition of FeCl 3 . Once dissolved in DEG, the PAA solution was heated to 220 °C under N 2 followed by injection of NaOH/DEG. The PAA structure obtained at different hydrolysis durations such as 10 min, 1 hr, 2 hr, and 12 hr, were tested by sampling 1 mL of the reaction mixture at the corresponding time point. A combination of one-and two-dimensional (2D) 1H and 13C nuclear magnetic resonance (NMR) spectroscopy were performed on the Varian Inova 500 NMR instrument (Varian Inc., Palo Alto, CA). The 2D NMR included correlation spectroscopy (COSY) and Heteronuclear single-quantum correlation spectroscopy (HSQC). The COSY experiment correlates bond coupling interactions between protons. The diagonal peaks correspond to the peaks in a 1D-NMR experiment, while the off diagonal cross peaks indicate coupling between pairs of nuclei. The 1H-13C HSQC provides correlation between a proton and the carbon it is directly bonded to.
Computational details for calculating PAA-protein interaction energy
The 3-dimantional (3D) experimental structure of CaM was extracted from Protein Data Bank with PDB code 1CFD. 28 We created the 3D structures of the dimeric acrylic acid fragment with two head groups, head group A (HGA) (γ-lactone) and HGB (-C(OH)(CH 3 ) 2 ), using the VegaZZ program 29 . The Vconf program 30 was used to carry out conformational search to obtain the lowest energy state as the starting molecules for the following docking. Ligand-protein docking was performed by the Autodock 31 program with the Lamarckian genetic algorithm, which fixed the protein and allowed the polymer fragment to move around in the docking box. AutoDockTools 1.5.4
32 was used to assign Gasteiger 33 charges to the PAAs. The AutoDock scoring function is a subset of the AMBER force field that treats molecules using the United Atom model. We focused docking simulations on six potential binding sites: spots near Gln8, Asp24, Thr79, Glu84, Glu114 and the center of the CaM. For each binding site, Autogrid version 4.0 was used to create affinity grids with 0.375 Å spacing. The cubic grid box with a dimension of 2.25 nm was assigned centering six different locations on CaM for each docking simulation. The final docking result was obtained by 10 runs of simulation with one million rounds of energy evaluation in each run. Each round of energy evaluation was for one possible orientation of the head group structure at the docking site. Ligand conformations with negative computed binding free energies were further analysed.
Results and discussion
IONPs synthesized under different heating durations carried PAA capped with different head groups
To test whether protein adsorption is sensitive enough to reveal small variations in the NP surface ligands, we prepared two batches of the superparamagnetic Fe 3 O 4 NPs coated with PAA (average Mw 1.8 kDa). We picked this type of NPs because they have been widely used in biomedical research and practice for examining molecule or cell isolation, cancer treatment, drug delivery, and MRI. [34] [35] [36] [37] [38] Additionally, polyelectrolytes have gained great popularity as surface ligands on NPs owing to their exceptional capability in stabilizing NP suspension, assisting NP assembly, enhancing drug loading capacity, and control of protein resistance or attraction. [39] [40] [41] [42] In particular, PAA allows easy protein immobilization and promotes high particle stability in aqueous solutions. [43] [44] [45] [46] The highly simple NP preparation strategy we used involves solution-phase hydrolysis at a high temperature, of 220˚C, in DEG. 15 The particles prepared by this method are Fe 3 O 4 as confirmed by X-ray Adsorption Spectroscopy in the previous report from the Yin group. 15 Hydrolysis at elevated temperature is a common approach in preparation of nanomaterials, and hydrolysis duration is often tuned to improve the formation and crystallinity of NPs. Because PAA can undergo thermal degradation at temperature > 160 °C, 47, 48 we postulated that if we prepared the NPs under two very distinct hydrolysis durations, the PAA structure might be altered, resulting in NPs having the same chemical compositions and close physical properties, but carrying surface ligands with small variations. Indeed, NPs prepared by 10-min and 12-hr hydrolysis shared good similarity in particle shape (spherical), diameters measured by TEM (Figure 1) and DLS, as well as zeta potential (inserted Table in Figure 1c ). To be more specific, the difference in the particle diameter obtained from the TEM images was only 5%. Although 12-hr hydrolysed NPs had relatively larger (17%) hydrodynamic diameters, the surface charge densities were similar, which was reflected by the 5% difference in zeta potentials. The particles were highly stable in water, with no precipitation even after several months' storage. Additionally, when analysed by capillary electrophoresis (Electronic Supplementary Information (ESI), Figures S1), both particles gave out sharp and close to symmetrical peak shape. Both facts support that the particles were stably covered by PAA and had quite uniform charge to size ratio.
To confirm the PAA structures were different when hydrolyzed for 10 min or 12 hr, we measured the purchased PAA before and after hydrolysis by ESI-MS. Before hydrolysis, the PAA contained two types of the -(CH 2 CH(COOH))-polymer chains ( Figure S2, ESI) . 48 One type of the PAA chains was capped with a head-group of -C(OH)(CH 3 ) 2 (HGB), and with a molecular weight (Mw) pattern of 72n+60. This type was called the B series PAA (bPAA) in the following text. The other type of PAA was capped with a γ-lactone (HGA) and had a Mw pattern of 72(n-1)+114. We referred this type as the A series (aPAA), which should be produced after the bPAA went through an esterification reaction between the -OH group and the -COOH group of the adjacent acrylic monomer. The peak intensities for both types of PAA chains were comparable before hydrolysis. However, after the PAA was hydrolyzed at 220 ˚C in NaOH/DEG for 10 minutes, most of the MS peaks observed belonged to the B series ( Figure 2a) ; while the A series was the dominant species in samples heated for 12 hr (Figure 2b ). The intensity of peaks belonging to the A series gradually increased with longer heating duration compared to that of the B series peaks and reached saturation after 4 hr ( Figure S3, Supporting Information) .
NMR experiments also verified the structure change in the PAA head group at different hydrolysis durations. The result of onedimensional 1H NMR spectroscopy is displayed in Figure 3 , with the 2D 1H and 13C NMR spectroscopy results shown in Figure S4 (ESI). In Figure 3 , the peaks labeled as "a" correspond to the two methyl groups in the five-membered ring of HGA in the aPAA series. Due to the different environment above and below the plane of the ring, these two methyl groups have different chemical shifts. The peak labeled as "b" corresponds to the two methyl groups in HGB of the bPAA series. These two methyl groups are chemically identical and have the same chemical shift. Because PAA is a mixture of polymer chains with different lengths, it would be expected to have line broadening and chemical shift effects associated with the different polymer chain lengths and head-group interactions, which can be seen in the asymmetrical peak shapes of all the methyl resonances, and is more pronounced in peak b. The area ratio of peak "a" and "b" also showed gradual change with the hydrolysis duration. In the standard PAA, the ratio of peak "a":"b" was 1.6:1. In the 10-min hydrolyzed PAA, peak "b" did not change much, while peak "a" decreased in intensity, which indicates that 
TEM images of the PAA-Fe3O4 NPs prepared by 10-min (a) or 12-hr (b) hydrolysis. The two TEM image share the same scale bar. (c) Distribution profiles of the particle diameters measured in the TEM images for 100 particles. The inserted Table showed the average particle diameters measured by TEM and DLS; and zeta-potentials calculated from mobility in capillary electrophoresis (Figure S1).
bPAA was the dominant species when hydrolyzed for 10 min. However, after 2 hr of hydrolysis, the situation has reversed, and the ratio of peak "a" to "b" increased to 4.9:1, meaning that more aPAA were present. Unfortunately, neither peak "a" nor "b" were found in the 12-hr hydrolyzed PAA sample, and probably were masked by the debris from PAA fragmentation over the long heating event ( Figure  S4a, ESI) . Still, the trend of change in the relative abundance of the aPAA and bPAA series with hydrolysis duration agreed with that observed by MS.
The head-group change in PAA on NP surface could be detected by protein adsorption
Because the hydrolysis durations of 10 min and 12 hr should have yielded the PAA with HGB and HGA, the NPs synthesized at 10-min hydrolysis should be coated with bPAA and that produced at 12-hr hydrolysis should be coated with aPAA. The aPAA seemed to yield a hydrodynamic size of the NPs 17% larger than the bPAA, although the core sizes of the NPs measured by TEM differed by only 5%. To determine whether protein adsorption is sensitive enough to detect such a small difference in the surface PAA structure, despite the highly comparable physical and chemical properties of these NPs, we evaluated the adsorption of a series of proteins on these NPs. We selected human serum albumin (HSA), β-casein, calmodulin (CaM), myoglobin, and cytochrome c (Cyt c) because they possess relatively strong affinity to a large variety of flat surfaces or NPs, [49] [50] [51] [52] have varied Mw and isoelectric point (pI) values, and differ in structure ridigity. Three are acidic proteins, all with pI < 5: CaM, β-casein, and HSA, with Mw increasing from CaM to HSA (Table 1) . CaM, myoglobin, and Cyt c have comparable Mw, but carry negative, zero, and positive charges, respectively, at pH 7. CaM (no Ca 2+ bound) and β-casein are considered highly flexible proteins, while HSA, myoglobin and Cyt c are globular proteins with relatively rigid structures.
We measured affinity by a method developed in our group. The ƒ molar fraction of the protein-bound NPs, θ, was obtained with capillary electrophoresis (CE), and the data were fitted to the Hill equation:
, where K D is the microscopic dissociation constant of the NP-protein complex and n is the binding cooperativeness. An "n" < 1 represents strong repulsion between proteins, which prevents adsorption of more than one protein on the same NP, and an "n" > 1 but < 2 often corresponds to a 1:1 binding ratio. 53, 54 The K D and n values for interaction of the selected proteins and the two batches of NPs are in Table 1 (CE spectra and the affinity fitting curve shown in Figure  S5 , ESI).
We detected significant affinity differences, ranging from 2-to 20-fold, between the NPs produced at varied hydrolysis durations in all proteins. The NPs obtained from 10-min hydrolysis interacted more strongly with HSA, β-casein, and myoglobin, with K D differing by 3.6-, 20-, and 2.2-fold, respectively, whereas the NPs prepared by 12-hr hydrolysis formed a stronger interaction with CaM (the Ca 2+ -free form) and Cyt c, with 20-and 6-fold difference in K D values. The n values for the two highly flexible proteins, β-casein and CaM, were quite different as well. β-casein bound to the NPs heated for 10 min with an n of 2.7 but to the other type with an n of 1.3. A high n suggests high cooperativity during binding and high possibility of having two β-casein molecules on the NPs with 10-min hydrolysis. In contrast, we found an n of 0.4 for CaM binding to the NPs heated for 10 min. Such a small n indicates high repulsion between the protein molecules bound to the same NP and thus low possibility of having more than one protein on the same particle. In agreement with the findings of protein adsorption onto PAA-coated flat surfaces, 55 the binding affinity seemed to be irrelevant to the net charge of protein: the positively charged Cyt c did not show higher affinity to the negatively charged PAA-coated NPs than the acidic proteins. Instead, the highly flexible proteins, CaM and β-casein, had the smallest K D values. Easier adaptation to the NP surface curvature may have generated more interaction points to strengthen the binding.
Calculation of the interaction energy between CaM and PAA head groups
To better understand the high sensitivity of protein adsorption over a tiny structure change on the surface of NPs, we calculated the interaction energy between the protein and the PAA head groups. Moreover, we illustrated atomistic details of the binding modes of a PAA head group and protein to provide insights into how the binding was established. We chose CaM for this calculation because it showed the largest K D difference in the two sets of NPs and its experimental 3D structure was available. 28 Our studies showed that the computed trends of binding affinities between different PAA head groups were insensitive to use of a dimer or a trimer of an acrylic acid. From the cavity size of the ligand binding site, we linked the head-group to a dimer of the acrylic acid to mimic the freely movable PAA head on the NP surface to save computation time in our calculation. In addition to exploring inter-molecular interactions, we examined the orientation of the complex structures with the lowest binding free energy and evaluated the difference between the polymer fragments with HGA and HGB.
Our docking results showed that both HGA and HGB could successfully fit into the binding cavity within the docking boxes, and the HGA:CaM complex generally had more negative binding free energy than the HGB:CaM complex (Table 2 ). This trend agrees well with our experimental observation that the NPs coated by aPAA bound to CaM stronger than that coated by bPAA. The measured affinity difference between these two complexes corresponded to a G difference of 1.8 kcal/mol (difference in G = -RTln(K AaPAA ) -(-RTln(K AbPAA ) = RTln (K DaPAA )/( K D b PAA ) ≈ -1.8 kcal/mol; K A is the association constant, equal to 1/K D ), which fell within the calculated energy difference of 0.57-2.75 kcal/mol.
The binding of HGA and HGB to the cavity between the N-and Cterminal domains is shown in Figure 4a as a representative of the simulated complex structure. HGA and HGB face towards the protein and interact with residue Thr5, Glu7, Glu114 and Lys115 (Figure 4b and 4c) . The orientation of the head groups agrees with the established concept that the carboxylate groups on the PAA side chains strongly coordinate to the iron cations on NP surface to form a robust coating, whereas the head groups extend into the aqueous solution and play an important role in NP interaction with proteins. Among the overall free energy change, the non-polar van der Waals (vdw) energy between HGA and CaM (-6.34 kcal/mol) is more favorable than that of HGB and CaM (-3.59 kcal/mol) (Table S1 , ESI). The binding mode of HGA illustrates that the bulky head group can fit nicely into the binding cavity, as compared with that formed by HGB, which also agrees with the energy calculations. The electrostatic energy described here is a boarder category, which includes conventional electrostatic interaction, hydrogen bonding and salt bridge. HGB shows favorable electrostatic energy (-0.02 kcal/mol) when binding with CaM as compared with HGA (+0.76 kcal/mol) (Table S1 ) because of the hydrogen bonding formed between the Glu114, Lys115 and the hydroxyl group of HGB (Figure 4c ). However, this hydrogen bonding still cannot result in strong attraction for HGB. Taken together, the overall binding free energy between HGA (-3.79 kcal/mol) and CaM was more negative than with HGB (-1.52 kcal/mol), with the vdw attractions contributing more to determine the interaction.
The calculations did not account for potential ligand-induced protein conformation changes. 7, 9, 56, 57 However, the insignificant spatial difference in the two head groups is unlikely to result in considerably different complex conformations in the PAA bound state. The scoring function in Autodock approximated the solvent effect and desolvation, and entropic penalty. Because both aPAA and bPAA have the same acrylic acid backbone, which contributes mainly to solvent effect and PAA flexibility, the backbone may not contribute to the affinity differences. 45, 46 Additionally, these two types of NPs had comparable size and surface curvature, and CaM has a highly flexible structure without Ca 2+ binding. Both features suggest comparable CaM conformational change on binding to these two types of NPs.
The same computer simulation was also performed with the other proteins having an available 3D structure, including HSA (only to drug-binding site 2 because of the large size of HSA; site 2 was identified as the binding site of PAA-NP on HSA13), myoglobin and Cyt c (Table S2 , ESI). Like CaM, Cyt c simulation results agreed with the protein-particle affinity trend: HGA showed stronger binding energy than HGB to Cyt c. However, for HSA and myoglobin, HGA showed more binding free energy than did HGB, which was opposite to the K D value trend.
Nevertheless, the simulation results all suggest that, both good fitting into the protein binding cavity by the NP surface ligand, and large overall interaction energy established between the protein amino acid side chains and the ligand are required for stable protein adsorption on NPs. These two requirements determine that protein adsorption would be strongly affected by subtle structural changes on the ligand, especially when the change happens to the portion of the ligand molecule that directly faces the protein.
Protein adsorption for assessment of NP surface property after ligand exchange
In the above study, variation in the structure of surface ligand was introduced due to small change in the condition of particle synthesis. We also prepared two batches of NPs that were particularly coated with ligands having small structural difference and tested if that could be detected by protein adsorption. The Au NPs originally carried the Ni-nitrolotriacetic acid (NTA) chelate on the surface; and the ligands were two types of polyhistidine (6×His)-peptides, one carrying a free -COOH group (P2) at the C-terminal and the other having the C-terminal blocked by -CONH 2 (P1). The 6 × His peptides were conjugated to the Au NPs via their high affinity with Ni-NTA. This is a common approach to couple His-tagged biomolecules on NPs for biomedical applications. During preparation, P1 and P2 were incubated with the Ni-NTA-Au NPs at the ratios of 0:100 or 5: 95. After removal of the free P1 and P2 by the 10-kDa Amicon filter, the obtained Au NPs, named Au-100P2 and Au-95P2, respectively, showed the same color in solution, which indicated no change in particle diameter; and the same mobility in CE, meaning comparable zeta-potential ( Figure S6a , ESI). Despite the high similarity in their physicochemical properties, they bound to β-casein quite differently. More protein-NP complex was formed with the Au-95P2 particles than the Au-100P2 ones when incubated with the same concentration of β-casein ( Figure S6b ). The measured affinity was about 5-fold higher for the Au-95P2, even though only 5% of the surface ligands were different between these two batches of particles. Increase in the neutral P1 percentage may reduce electrostatic repulsion between the -COO -end of 6 × His peptide and acidic β-casein, leading to stronger protein-NP interaction.
Conclusions
The PAA ligand has an average molecular weight of 1.8 kDa, thus the head group structure is only a small portion of the entire molecule. The hydrodynamic diameter of the NPs carrying PAA with HGA was 17% larger than that with HGB, although the core sizes of NPs differed by only 5%. More importantly, they induced big variations in the NPs' affinity to proteins. The high sensitivity of protein adsorption to the head group structure is mainly because, as pointed out by computer simulation, the head group of PAA located at the binding interface with the protein. In order for stable binding to be formed, part of the NP surface ligand should fit well onto certain binding pockets on the protein surface. Even slight structural change in this part could alter the fitting and change the binding energy, ultimately varying the affinity to the protein.
Overall, our results support that screening interaction between NPs and judiciously selected proteins could be an effective way for quick and initial evaluation of the particle surface of NPs. Such screening will be useful for rapid assess of the surface properties of NPs produced in different batches or with varied preparation procedures, which is particular important for quality control of NPs made for biomedical purposes. It is even possible that, by analyzing the interaction change with proteins of distinct properties, such as pI value, shape, hydrodynamic size, and surface hydrophobicity, more information about the kind change being occurred to the NP surface ligand could be revealed.
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